Introduction
============

Cervical cancer is one of most common gynecological malignancies ([@b1-ol-0-0-5160]) and the incidence is increasing in China, where the age-specific incidence rate increased from 8.76 to 23.1 cases per 100,000 individuals between 1993 and 2008 ([@b2-ol-0-0-5160]). Despite the treatment of cervical cancer patients with surgery and adjuvant therapy, such as radiotherapy and chemotherapy, the effectiveness of treatment has not improved significantly over the past decades ([@b3-ol-0-0-5160],[@b4-ol-0-0-5160]). In China, annual incidence and mortality rates have increased from 10.4 cases and 1.22 mortalities per 100,000 individuals, respectively, to 13.4 cases and 2.59 mortalities per 100,000 individuals between 2003 and 2011 ([@b5-ol-0-0-5160]). Thus, it is important to identify molecular markers that are able to predict the malignant phenotype of cervical carcinoma ([@b6-ol-0-0-5160],[@b7-ol-0-0-5160]).

Crk-like (CrkL) adapter protein has been reported to be involved in numerous biological activities, such as cell proliferation and migration, and plays an important role in leukemia ([@b8-ol-0-0-5160]--[@b11-ol-0-0-5160]). CrkL proteins contain two Src homology (SH) 3 domains and one N-terminal SH2 domain, which could bind various docking proteins, including p130Cas, paxillin and Bcr-Abl ([@b9-ol-0-0-5160],[@b12-ol-0-0-5160],[@b13-ol-0-0-5160]). Recently, CrkL protein has been demonstrated to be overexpressed in a number of types of human cancer, and to induce cancer cell proliferation and invasion ([@b14-ol-0-0-5160]--[@b18-ol-0-0-5160]). Overexpression of CrkL in fibroblast cells promotes anchorage-independent growth ([@b19-ol-0-0-5160]). Additionally, activating mutations of anaplastic lymphoma kinase have been shown to exert this protein\'s downstream effects through CrkL ([@b20-ol-0-0-5160]). Collectively, these findings implicate CrkL as an important oncoprotein in human cancers. However, the expression pattern and biological roles of CrkL in cervical carcinoma remain unexplored.

In the present study, CrkL protein expression was examined in specimens from 92 cases of cervical carcinoma. In addition, CrkL expression was upregulated in HeLa and CaSki cell lines and its effect on cell proliferation and apoptosis assessed. Furthermore, the molecular signaling pathways underlying the biological effects of CrkL were investigated.

Materials and methods
=====================

### Patients and specimens

The study protocol was approved by the Institutional Review Board of Shengjing Hospital of China Medical University (Shenyang, China). Primary tumor specimens were obtained from patients diagnosed with cervical carcinoma who underwent resection at the First Affiliated Hospital of Jinzhou Medical University (Jinzhou, China) and Shengjing Hospital of China Medical University between January 2009 and December 2012. Normal endocervical tissues were obtained from patients with benign uterine disease without cervical dysplasia. The histological diagnosis was evaluated in sections stained with hematoxylin and eosin, according to the World Health Organization classification guidelines. Clinical and histopathological data were obtained from medical records.

### Immunohistochemistry

Surgically excised tumor specimens were fixed with 10% neutral formalin and embedded in paraffin, and 4 µm-thick sections were prepared. Immunostaining was performed using the Elivision Plus Polyer HRP (Mouse/Rabbit) IHC kit (Fuzhou Maixin Biotech. Co., Ltd., Fuzhou, China). The sections were deparaffinized in xylene, rehydrated with graded alcohol and then boiled in 0.01 M citrate buffer (pH 6.0) for 2 min in an autoclave. Hydrogen peroxide (0.3%) was applied to block endogenous peroxide activity and the sections were incubated with normal goat serum to reduce nonspecific binding. Tissue sections were incubated with an anti-CrkL rabbit polyclonal antibody (dilution, 1:600; cat. no. ABC242; EMD Millipore, Billerica, MA, USA;) at 4°C overnight. A biotinylated goat anti-rabbit horseradish peroxidase polymer (dilution, 1:800; cat. no. KIT-9902B; Fuzhou Maixin Biotech. Co., Ltd.) was used as a secondary antibody at room temperature for 30 min. After washing, the peroxidase reaction was developed with DAB. Counterstaining with hematoxylin was performed and the sections were dehydrated in ethanol prior to mounting.

Two independent investigators, who were blinded to the patient characteristics, examined all tumor slides randomly: Five views were examined per slide, and 100 cells were observed per view at ×400 magnification. In accordance with previous reports, immunostaining of CrkL was scored on a semi-quantitative scale by evaluating the intensity and percentage of tumor cells ([@b18-ol-0-0-5160],[@b21-ol-0-0-5160]). Cytoplasmic and membrane immunostaining was considered positive staining. After counting 400 tumor cells, the percentage of positively stained cells was calculated. The intensity of CrkL staining was scored as 0 (no signal), 1 (moderate) or 2 (strong). Percentage scores were assigned as 1 (1--25%), 2 (26--50%), 3 (51--75%) or 4 (76--100%). The scores of each tumor sample were multiplied to give a final score of 0--8; tumor samples that scored 4--8 were considered to exhibit CrkL overexpression.

### Cell culture and transfection

HeLa and CaSki cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA). Cells were cultured in Invitrogen Dulbecco\'s modified Eagle\'s medium (DMEM; Thermo Fisher Scientific, Inc., Carlsbad, CA, USA) containing 10% fetal calf serum (FCS) (Invitrogen; Thermo Fisher Scientific, Inc.), 100 IU/ml penicillin (Sigma-Aldrich, St. Louis, MO, USA), and 100 µg/ml streptomycin (Sigma-Aldrich). Cells were grown in sterilized culture dishes and were passaged every 2 days with 0.25% trypsin.

The plasmid pCMV6-CrkL was purchased from OriGene Technologies, Inc. (Rockville, MD, USA). Plasmid was transfected into cells using Lipofectamine LTX reagent (Invitrogen; Thermo Fisher Scientific, Inc.). pCMV6 empty vector (pCMV6 EV) was used as a negative control. Cisplatin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). was dissolved in dimethyl sulfoxide (DMSO) and 10 µM cisplatin was used to treat cancer cells for 24 h. DMSO was used as the negative control.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) using SYBR Green method

Total RNA was extracted from HeLa and CaSki cells using Trizol (Life Technologies; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. RNA was reverse transcribed into cDNA using PrimerScript RT Master Mix kit (Takara Bio, Dalian, China) at 85°C for 2 min and 37°C for 30 min. Briefly, 20 µl reverse-transcription reaction solution was prepared using 5X RT Master Mix (4 µl) and 800 ng RNA. RT-qPCR was performed using SYBR Select PCR Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.) in a total volume of 20 µl on an Applied Biosystems 7300 Real-Time PCR System (Thermo Fisher Scientific, Inc.), with the following conditions: 95°C for 30 sec; and 40 cycles of 95°C for 5 sec and 60°C for 30 sec. The PCR solution (20 µl) consisted of 5 µl cDNA, 0.5 µl forward primer, 0.5 µl reverse primer, 4 µl; H~2~O and 10 µl SYBRgreen Master mix (Applied Biosystems; Thermo Fisher Scientific, Inc.). A dissociation step was performed to generate a melting curve to confirm the specificity of the amplification. β-actin was used as the reference gene. The relative levels of gene expression were calculated by the 2^−ΔΔCq^ method ([@b22-ol-0-0-5160]). The primer sequences were as follows: CrkL forward, 5′-CCTTTGCCATCCACACAGAAT-3′, CrkL reverse, 5′-TTTCACGATGTCACCAACCTCTA-3′; β-actin forward, 5′-ATAGCACAGCCTGGATAGCAACGTAC-3′, and β-actin reverse, 5′-CACCTTCTACAATGAGCTGCGTGTG-3′. All experiments were performed in triplicate.

### Western blot analysis

Total proteins from HeLa and CaSki cells were extracted and quantified using the Bradford method, and 20 mg protein was separated by SDS-PAGE. Samples were transferred to polyvinylidene difluoride membranes (EMD Millipore) and incubated overnight at 4°C with antibodies against CrkL (rabbit polyclonal; dilution, 1:1,000; cat. no. ABC242; EMD Millipore), p-Src (rabbit monoclonal; dilution, 1:1,000; cat. no. 12432; Cell Signaling Technology, Inc., Boston, MA, USA), Src (rabbit monoclonal; dilution, 1:1,000; cat. no. 2109; Cell Signaling Technology, Inc.), p-Akt (rabbit polyclonal; dilution, 1:1,000; cat. no. 9271; Cell Signaling Technology, Inc.), Akt (rabbit polyclonal; dilution, 1:1,000; cat. no. 9272; Cell Signaling Technology, Inc.; dilution, 1:1,000) and GAPDH (rabbit polyclonal; dilution, 1:1,000; cat. no. G5262; Santa Cruz Biotechnology, Inc.). Following incubation with peroxidase-coupled anti-mouse/rabbit IgG (dilution, 1:2,000; cat. no. 5127; Cell Signaling Technology, Inc.) at 37°C for 2 h, proteins were visualized using Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, Inc.) and detected using a DNR Bio-Imaging System (DNR Bio-Imaging Systems Ltd., Jerusalem, Israel).

### Methyl thiazolyl tetrazolium (MTT) assay

For the MTT cell viability assay, at 24 h after transfection, cells were plated in 96-well plates at a concentration of \~2,000 cells/well and cultured for 5 days. To quantitate cell viability, 20 µl of 5 mg/ml MTT (thiazolyl blue) solution was added to each well and incubated for 4 h at 37°C. The medium was removed from each well and the resulting MTT formazan was solubilized in 150 µl of DMSO. Culture medium without cells was used as the control. Each solution was measured spectrophotometrically at 490 nm.

### Cell invasion assay

A cell invasion assay was performed using a Costar 24-well Transwell chamber with a pore size of 8 µm. The inserts were coated with 20 µl Matrigel (1:4dilution; BD Biosciences, San Jose, CA, USA). At 48 h after the transfection, cells were trypsinized and 3×10^5^ cells in 100 µl of serum-free medium were transferred to the upper Matrigel-coated chamber and incubated for 16 h; the lower chamber contained medium supplemented with 10% FCS as the chemoattractant. Following incubation, the non-invaded cells on the upper membrane surface were removed with a cotton tip, and the cells that passed through the filter were fixed with 4% paraformaldehyde and stained with hematoxylin. The number of invaded cells was counted in 10 randomly selected high-power fields under a microscope (BX53; Olympus Corporation, Tokyo, Japan). This experiment was performed in triplicate.

### Statistical analysis

SPSS software version 11.5 for Windows (SPSS, Inc., Chicago, IL, USA) was used for all statistical analyses. A χ^2^ test was used to examine the possible correlations between CrkL expression and clinicopathological factors. A Student\'s *t*-test was used to compare densitometry data between control and CrkL-transfected cells. All P-values are based on a two-sided statistical analysis, and P\<0.05 was considered to indicate statistical significance.

Results
=======

### Expression of CrkL in human cervical carcinoma

CrkL expression was located in the nucleus or cytoplasm of cancer cells as brown staining, but could not be easily detected in normal cervical tissues ([Fig. 1A](#f1-ol-0-0-5160){ref-type="fig"}). Of the 92 cervical cancer tissues, 45 (48.9%) exhibited positive CrkL staining ([Fig. 1B-D](#f1-ol-0-0-5160){ref-type="fig"}). The association of CrkL overexpression with clinicopathological characteristics was analyzed ([Table I](#tI-ol-0-0-5160){ref-type="table"}). The results indicate that positive CrkL immunostaining in cervical carcinoma was significantly associated with advanced TNM stage (stage II+III vs. stage I, P=0.0165) and lymph node metastasis (negative vs. positive, P=0.0212). No significant association was identified between CrkL level and other parameters, including age (\<50 vs. ≥50 years, P=0.2106), histological type (squamous cell carcinoma vs. adenocarcinoma, P=0.9419) and differentiation (well/moderate vs. poor, P=0.5647).

### CrkL promotes cervical carcinoma cell growth, invasion and chemoresistance

To determine the effects of CrkL on cervical cancer cell lines, HeLa and CaSki cells were transfected with plasmids containing CrkL. As shown in [Fig. 2](#f2-ol-0-0-5160){ref-type="fig"}, CrkL transfection increased its protein and mRNA levels in the two cell lines. An MTT assay revealed that CrkL upregulation increased the rate of cell growth \[Day 5, pCMV6 EV vs. CrkL: HeLa, 0.993±0.009 vs. 1.496±0.026 (P=0.002); CaSki, 1.126±0.028 vs. 1.527±0.038 (P=0.007)\] ([Fig. 3A](#f3-ol-0-0-5160){ref-type="fig"}).

A Matrigel invasion assay was also conducted to assess the role of CrkL in cell invasion. As shown in [Fig. 3B](#f3-ol-0-0-5160){ref-type="fig"}, CrkL transfection significantly increased the invasion ability of HeLa and CaSki cells \[pCMV6 EV vs. CrkL: HeLa, 83±7 vs. 151±8 (P=0.013); CaSki, 65±3 vs. 132±11 (P=0.014)\] ([Fig. 3B](#f3-ol-0-0-5160){ref-type="fig"}).

In order to investigate the role of CrkL on the chemoresistance of cervical carcinoma cells, control cells and CrkL-transfected cells were treated with cisplatin (10 µM) followed by analysis of cell viability using MTT. Compared with the control group, CrkL transfection significantly increased cell viability following 48 h of cisplatin treatment ([Fig. 3C](#f3-ol-0-0-5160){ref-type="fig"}), suggesting that CrkL is important in chemoresistance of cervical cancer cells.

### CrkL promotes cell invasion through Src-dependent pathways

In order to investigate the molecular pathways underlying CrkL-induced cell growth and invasion, several signaling pathways were examined. The levels of Src and Akt phosphorylation were significantly increased following CrkL transfection ([Fig. 4A](#f4-ol-0-0-5160){ref-type="fig"}).

Src activation has been reported to be associated with cancer cell invasion ([@b23-ol-0-0-5160]). To validate its involvement in CrkL-induced cervical cancer invasion, the Src inhibitor dasatinib (0.1 µM, 3 h) was employed to treat CrkL-transfected and control cells. As shown in [Fig. 4B](#f4-ol-0-0-5160){ref-type="fig"}, dasatinib treatment eliminated the effect of CrkL on cell invasion in HeLa and CaSki cell lines ([Fig. 4B](#f4-ol-0-0-5160){ref-type="fig"}).

Discussion
==========

The expression and biological functions of CrkL have been implicated in numerous types of human malignancy, including breast, lung, pancreatic and colorectal carcinomas ([@b17-ol-0-0-5160],[@b18-ol-0-0-5160],[@b21-ol-0-0-5160],[@b24-ol-0-0-5160]). However, the involvement of CrkL in human cervical carcinoma has not been reported. The present study examined CrkL protein expression in 92 cases of cervical carcinoma and found that CrkL was overexpressed in 48.9%. Statistical analysis indicated that CrkL overexpression was correlated with advanced TNM grade and lymph node metastasis, suggesting its association with cervical cancer invasion. The present study revealed that CrkL is overexpressed in human cervical carcinoma and is associated with an advanced stage of disease, which is in accordance with previous data that confirmed CrkL as an oncogene ([@b24-ol-0-0-5160]--[@b26-ol-0-0-5160]).

CrkL contains SH2 and SH3 domains that mediate protein-protein interactions and regulate diverse cellular processes ([@b21-ol-0-0-5160],[@b27-ol-0-0-5160]--[@b29-ol-0-0-5160]). Several studies have suggested that CrkL may be involved in the progression of solid tumors by regulating cell proliferation and invasion ([@b28-ol-0-0-5160]--[@b30-ol-0-0-5160]). In the current study, HeLa and CaSki cells were transfected with a CrkL plasmid and the effects on cell proliferation and invasion were examined. In support of the immunohistochemical results, CrkL transfection significantly upregulated the rate of cell growth and invasion ability in of the two cell lines.

To the best of our knowledge, the association of CrkL and chemoresistance has not been reported previously. In the current study, CrkL transfection was found to increase cervical cancer cell viability following cisplatin treatment, which suggests that CrkL may function as an important modifier of chemoresistance in cervical carcinoma cells.

The potential mechanism of CrkL in cervical cancer cell invasion was also explored. Previous reports have indicated that CrkL functions as an adaptor protein that links Src and C3G proteins ([@b31-ol-0-0-5160],[@b32-ol-0-0-5160]). Increased activity of Src is a frequent occurrence in many types of human cancer, and there is growing evidence of a prominent role of Src in invasion and in other tumor progression-related events, such as the epithelial-mesenchymal transition and development of metastasis ([@b33-ol-0-0-5160]--[@b35-ol-0-0-5160]). Thus, the present study assessed the level of Src phosphorylation in CrkL-overexpressing HeLa and CaSki cell lines, and determined that CrkL transfection significantly upregulated Src phosphorylation, suggesting that Src may be involved in CrkL-induced cell invasion. To further validate this, the Src inhibitor dasatinib was employed. Dasatinib treatment significantly downregulated the invasion ability of cervical cancer cells and eliminated the invasion-promoting function of CrkL. These results demonstrate that CrkL may promote cervical cancer cell invasion through activation of Src signaling pathways. In addition, CrkL was also found to promote Akt phosphorylation; Akt signaling activation has been reported to be involved in the chemoresistance of cancer cells through antiapoptotic proteins such as Bcl-2 and Bcl-xL ([@b36-ol-0-0-5160],[@b37-ol-0-0-5160]). Thus it is possible that CrkL increases cervical cancer chemoresistance through activating Akt signaling.

In conclusion, CrkL is overexpressed in human cervical carcinomas and is associated with advanced stage and nodal metastasis. CrkL may also increase cervical cancer cell proliferation and chemoresistance, and promote tumor invasion through activation of Src signaling. Thus, CrkL may potentially serve as a novel therapeutic target for cervical carcinoma.

![Expression of CrkL protein in cervical carcinoma tissues. (A) Negative CrkL expression in normal cervical tissue. (B) Weak CrkL expression in a case of stage II carcinoma. (C) Positive staining of CrkL in a case of stage III cervical carcinoma. (D) Negative CrkL expression in a case of stage I adenocarcinoma (magnification, ×400). Brown cytoplasmic and membrane staining was considered positive. CrkL, Crk-like.](ol-12-05-3811-g00){#f1-ol-0-0-5160}

![Transfection of CrkL plasmid (pCMV6 CrkL) upregulates endogenous CrkL expression in cervical carcinoma cell lines. Western blot and quantitative polymerase chain reaction analysis revealed that CrkL transfection in (A) HeLa and (B) Caski cell lines upregulated its protein expression. \*P\<0.05. CrkL, Crk-like; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; pCMV6 EV, empty vector.](ol-12-05-3811-g01){#f2-ol-0-0-5160}

![CrkL promotes proliferation, invasion and chemoresistance of HeLa and CaSki cells. (A) An MTT assay revealed that transfection with the CrkL plasmid (pCMV6 CrkL) upregulated cell proliferation in the two cell lines compared with the control group. (B) A Matrigel invasion assay revealed that CrkL transfection increased the number of invading cells. (C) An MTT assay revealed that CrkL transfection enhanced cell viability in HeLa and CaSki cells treated with cisplatin compared with the control group. \*P\<0.05. CrkL, Crk-like; MTT, methyl thiazolyl tetrazolium; pCMV6 EV, empty vector.](ol-12-05-3811-g02){#f3-ol-0-0-5160}

![CrkL promotes cervical cancer cell invasion through Src signaling pathways. (A) Western blot analysis revealed that transfection with the CrkL plasmid (pCMV6 CrkL) significantly upregulated the level of p-Src and p-Akt, without significant changes in the total amounts of Src and Akt. (B) The Src inhibitor dasatinib (0.1 µM, 3 h) blocked the effects of CrkL on cancer cell invasion (Hela, \*P=0.003, CRKL plasmid vs. CRKL plasmid + dasatinib; Caski, \*P=0.006, CRKL plasmid vs. CRKL plasmid + dasatinib). CrkL, Crk-like; p-, phosphorylated; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; pCMV6 EV, empty vector.](ol-12-05-3811-g03){#f4-ol-0-0-5160}

###### 

Distribution of CrkL status in cervical carcinoma according to clinicopathological characteristics.

                                   CrkL status, n         
  --------------------------- ---- ---------------- ----- --------
  Age, years                                              0.2106
    \<50                      61   34               27    
    ≥50                       31   13               18    
  Histological type                                       0.9419
    Squamous cell carcinoma   82   42               40    
    Adenocarcinoma            10     5                5   
  Differentiation                                         0.5647
    Well/moderate             67   33               34    
    Poor                      25   14               11    
  TNM stage                                               0.0165
    I                         36   24               12    
    II+III                    56   23               33    
  T stage                                                 0.0972
    T1                        49   29               20    
    T2+3                      43   18               25    
  Lymph node metastasis                                   0.0212
    Negative                  56   34               22    
    Positive                  36   13               23    

CrkL, Crk-like; TNM, tumor-node-metastasis.
